Design of thermally stable proteins is spurred by their applications in bionanotechnology. There are three major issues governing this: first, the upper limit on the temperature at which proteins remain physiologically active and are available for technological applications (answers may emerge from the discovery of new, natural hyperthermophilic enzymes that are active above 125 C or from the selection of mutants of hyperthermophilic enzymes that are more stable); second, the use of hyperthermophilic enzymes as molecular templates to design highly stable enzymes that have high activity at low temperatures; third, the link between rigidity and flexibility to thermostability and activity, respectively. We review progress in these areas.
INTRODUCTION
Bionanotechnology attempts to harness various functions of biological macromolecules and integrates them with engineering for technological applications. It is based on a bottom-up approach and encompasses structural biology, biomacromolecular engineering, materials science, * Author to whom correspondence should be addressed. and engineering, and thus extends the horizon of materials science. The structural biology of proteins has been developed over the last 70 or so years. Of these seven decades, the last three have seen a transformation of our static perspective of proteins to dynamical entities. This has laid the basis for rational engineering and design of proteins with enhanced and novel properties. Biotechnology has matured during the same period of time and has facilitated the design of proteins. Protein self-assembly in suitable media offers unique advantages in the fabrication of protein-based nanodevices, and circumvents costprohibitive processes in the manufacture of bioelectronic devices. Bionanotechnological applications of proteins require thermally stable proteins.
Thermal stabilization of proteins [1] [2] [3] [4] [5] [6] [7] has been a focus of intense research since the discovery of thermophilic and hyperthermophilic organisms. 8 9 The stereochemical basis of heat stability in bacterial ferredoxins and hemoglobin were discussed long ago by Perutz and Raidt, 10 and Perutz. 11 Despite advances in our understanding of thermophilic and hyperthermophilic organisms and their [24] [25] [26] Earlier investigations have proceeded along two major avenues. The first approach was to compare the structures and sequences of homologous proteins from hyperthermophiles, thermophiles, and mesophiles, [27] [28] [29] which resulted in the identification of various differentiated features related to the thermal stability, such as an increased number of salt bridges, better hydrogen bonding, higher internal packing, stronger inter-subunit associations, etc. [30] [31] [32] [33] The second major approach involved protein engineering based on the central doctrine that protein thermostability is a direct consequence of its sequence. [34] [35] [36] [37] [38] [39] [40] Mutations causing enhancement of thermal stability of a protein either increase the thermodynamic stability of a protein, G, between unfolded and folded states in the denaturation process or they decrease the rate of unfolding by increasing, G # , between the folded state and the transition states. 41 Commonly adopted strategies include decreasing the S of the unfolded state by: introducing additional disulfide bridges, making X → Pro mutations, increasing the -helical propensity through Gly → Ala mutations, stabilization of -helix macrodipoles 42 by imposing electrostatic interactions between charged surface residues, introducing additional salt bridges or salt bridge networks, or optimizing the electrostatic potential surfaces. 43 
FACTORS THAT FACILITATE PROTEIN THERMO STABILITY
Hydrophobic Effect: The hydrophobic effect is considered to be the major driving force behind protein folding, [44] [45] [46] leading to a collapsed structure from which the native structure is defined by the interplay of several intermolecular forces, e.g., H bonds, ion pairs, and Van der Waals. The following are two critical observations about the thermal stability imparted by the conserved protein core of mesophilic and hyperthermophilic homologues: (i) hydrophobic interactions and residues involved in secondary structures in the core are better conserved than on the surface, and (ii) numerous stabilizing substitutions are found in solvent-exposed areas. The high level of similarity encountered in the core of mesophilic and hyperthermophilic protein homologues suggests that both proteins are equally optimally packed. Stabilizing interactions in hyperthermophilic proteins are often found in the less conserved areas of the protein. However, it is becoming clear there are several factors that contribute to the remarkable stability of hyperthermophilic proteins. 47 48 Electrostatics: The role of electrostatics in protein stability has been an enigmatic issue. While some report a degree of correlation between increased stability and the number of salt bridges between thermophilic and mesophilic proteins, [49] [50] [51] [52] an earlier comprehensive analysis 53 had found that although in general the hyperthermophilic proteins had more favorable electrostatic interactions, there was no direct correlation with the number of ionizable residues, ion pairs, or ion-pair networks. They suggested that optimized electrostatics resulting from optimal location of amino acids would give rise to the enhanced stabilities. Indeed this is a consensus reached by an increasing number of recent studies. 44 54 55 Torrez et al. computed the stabilities of several folded proteins and found that a combination of factors, notably the improvement of surface electrostatics, with origins in no specific ion pair, was responsible for enhanced thermostability in cold shock proteins, such as RNase T1 and CheY. 49 In contrast, Makhatadse et al. 56 optimized the electrostatics and stabilized proteins by decreasing the enthalpy-entropy of unfolding. This work, in line with the philosophy of Xiao and Honig, 53 lead to the successfully engineering of the surface charge residues of a thermophile on to the core residues of a mesophile, enhancing its thermal stability.
Disulfide Bridges: The influence of disulfide bridges on protein thermal stability 57 and folding has been investigated experimentally using phage T4 lysozyme, 58 hen lysozyme, 59 barnase, 60 amylase inhibitor tendamistat, 61 azurin mutant, 62 and theoretically 63 by the removal of natural -SS-as well as the insertion of novel -SS-bridges in a protein. It is clear that the removal of a natural -SSbond is usually accompanied by a decrease of protein thermal stability due to higher conformational entropy and hence stabilization of the unfolded state.
Aromatic Interactions: Aromatic-aromatic interactions (aromatic pairs) are important contributors to the thermostability of proteins. In a recent study 64 a graph spectral method was used to identify aromatic clusters in a dataset of 24 protein families. The study concluded that the presence of additional aromatic clusters enlarged the aromatic networks in 17 different thermophilic protein families, which is in marked contrast to their mesophilic counterparts. The aromatic clusters form relatively rigid regions of the surface and often the additional aromatic cluster is located close to the active site of the thermophilic enzyme. The residues in the additional aromatic clusters are preferentially occupied by Leu, Ser or Ile in the mesophilic homologue. The following characteristics of aromatic pairs were extracted from analysis of 272 aromatic pairs in 34 high-resolution structures of mesophilic proteins: 65 in two-thirds of the pairs, the interacting rings are close to perpendicular; most are involved in a network; most link distinct secondary structural elements; most are energetically favorable (80% have potential energies between 0 and −2 kcal/mol); and most take place between buried or partially buried residues. For example, thermitase, 66 Single/Multiple Mutations: Recently, there have been several experimental reports of proteins displaying appreciable stability gains through mutation of one or two amino acid residues. 67 Perl et al. 68 have reported the mutation of Glu residues at positions 3 and 66 to Arg and Leu caused a significant change in their thermal stability. The results suggest that elimination of like-charge repulsions and creation of opposite-charge attractions on the protein surface is an efficient method to confer thermostability to a mesophilic protein. In contrast, Lehmann et al. 21 69 found that in fungal phytases, which belong to the family of histidine acid phosphatases, 70 71 thermostabilization was achieved as a result of a combination of slight improvements from multiple mutations rather than the effect of a single or just a few dominant mutations that may have been introduced by chance.
STRATEGIES FOR ENGINEERING PROTEIN THERMOSTABILITY
Random Mutagenesis: There are three widely used strategies for random mutagenesis. The first is oligonucleotidedirected mutagenesis. Oligonucleotides can be synthesized to contain predetermined nucleotide alterations to obtain specific codons. The second one is to use the error-prone polymerase chain reaction (PCR) to replicate the target gene. The third method is DNA shuffling, whereby a set of similar genes are spliced into pieces and then regenerated using a thermostable DNA polymerase 72 allowing multiple mutations to recombine in vitro. To efficiently screen the mutants, an in vitro phage display technology was introduced 73 whereby a library of proteins is fused to a gene that codes for one of the phage coat proteins and the mutants can be screened for binding to a target. In this way a small number of active proteins can be separated from millions of inactive variants. 74 Rational Site-Directed Mutagenesis: Rational sitedirected mutagenesis relies on the principle of optimizing a chosen physical property by analyzing how that property depends on essential amino acids at specific locations in the protein by substituting them by suitable candidates found at the same site in similar protein families.
Directed Evolution: The Directed Evolution approach utilizes repeated rounds of random mutagenesis, starting with a given parent gene of interest. After each round, the best mutants are selected and used as parent sequences in the next round of random mutagenesis. It is a laborious, time-consuming process.
Consensus Sequences: The Consensus sequence approach relies on sequences derived by alignment of homologous proteins manifesting inherent thermostability. 75 76 There have been numerous attempts to combine these approaches to study thermal stability. In this review, we discuss various approaches to achieve enhanced thermal stability.
RATIONAL DESIGN OF THERMALLY STABLE PROTEINS

Thermodynamic Force Field for Proteins
The design of a thermally stable protein must include the following criteria:
(a) The side chains of the amino acid substituted to enhance T m must be sterically compatible within the backbone structure. (b) The mutated sequence must have a C p value that can be achieved by burying more apolar surface area or by exposing more polar surface area in the folded protein.
The hydrophobic core of the predicted protein must have low conformational entropy of folding to ensure a unique and rigid internal architecture.
Computational Methods Identifying Mutations that Enhance Protein Thermostability
The program "Rational site-directed mutagenesis selection algorithm" (RSDMSA) (Renugopalakrishnan, US Patent Disclosures), which is an improvement over an earlier program (CORE) developed by Jiang et al., 77 predicts protein hydrophobic core sequences that can fold into a target backbone structure. Basically RSDMSA rejects or eliminates unfavorable mutations starting from an input backbone.
A typical prediction run in RSDMSA starts by randomizing the sequence of hydrophobic core of a selected protein to ensure that no bias is introduced at the start of a run. After this, a simulated annealing run driven by the Metropolis algorithm is initiated. Following the last step, a single mutation of a core residue chosen based on the specific property and nature of the protein is allowed. Residues are allowed to mutate to Ala, Ile, Met, Phe, Tyr, Trp, or Val. RSDMSA then initiates a nested simulated annealing run to determine the best rotamer configuration of all core residues. The simulated annealing run reveals the number of unfavorable van der Waals interactions by calculating the number of hard sphere bumps. If the number of bumps for the simulated annealing run is greater than zero, the sequence is rejected. If the number of bumps is zero, a second simulated annealing on the same sequence is initiated followed by a low temperature Monte Carlo run which yields two parameters:
(i) mobility of each amino acid in the form of conformational entropy which is averaged to obtain global conformational entropy for the whole protein ( S conf ) as shown below (ii) heat capacity ( C P of the hydrophobic core of the protein calculated based on heat capacity of individual residues. 2 These two parameters, plus the number of bumps, are used to calculate the "scores" for this particular sequence. This score then drives the main sequence simulated annealing run. After 10 sequences are sampled at each temperature, the Metropolis temperature is gradually decreased during the simulated annealing process. This gradual decrease in the Metropolis temperature ensures that local minima are avoided by slowly lowering the probability that sequences are accepted with scores higher than the previously accepted sequence. The simulated annealing run is automatically terminated when the number of accepted sequences is consistently zero. The temperature at which this occurs, or an arbitrarily low temperature, T , is used for a final sequence Monte Carlo run initiated with the sequence determined from the simulated annealing run. This Monte Carlo run is conducted to sample the sequence space around the simulated annealing sequence. A large value of T allows the program to sample from sequences with wider range of scores around the score for the simulated annealing sequence. Typically these runs generate a family of 100-1000 sequences of proteins with good thermal stability depending on the value of T and the number of core residues mutated.
It is worth mentioning the recent application of the Rosetta Design program in the computational thermostabilization of the yeast cytosine deaminase, 1 by which a 10 C increase in the apparent T m and a 30-fold increase in half life at 50 C was obtained with no reduction in its catalytic efficiency.
THERMOSTABILITY STUDIES IN SPECIFIC PROTEIN FAMILIES
Bacteriorhodopsin (bR): Nanoelectronic devices based on bR require thermally robust mutants of bR. 78 Therefore increasing the thermostability of bR has been an area of intense research. One method of choice has been rational site-directed mutagenesis of bR. Advancements in thermostable vectors, 79 antibiotic resistance genes, and the genetic characterization of extreme thermophiles have prompted the development of in vivo thermoselection systems to optimize mesophilic proteins bR for device applications.
Thermus thermophilus has been a useful in vivo screening platform for bR mutants; a versatile, heat-stable expression vector is required. Moreno et al. 79 constructed a bifunctional vector system (pMKE1) capable of expression in both extremely thermophilic (T. thermophilus) and mesophilic (E. coli) microorganisms. Mutants that retain structural stability at elevated temperatures have been used as starting points for additional rounds of mutagenesis and thermoselection. Several iterations of thermoselection may be required before a bR variant with adequate thermostability can be used for device applications. In a recent study to optimize the heat capacity of bR, 2 eight residues were selected in bR: D85, W86, L93, D96, D115, W182, W189, D212. Differential Scanning Calorimetric studies of bR mutants designed and expressed manifest T m ∼ 192 C.
Rubredoxin: Rubredoxin (Rd) from the hyperthermophilic archaebacterium, Pyrococcus furiosus, an organism that grows optimally at 100 C and above, has been used as a test-bed for thermal stabilization of proteins. The thermal denaturation of rubredoxin has been previously shown to exhibit unusual kinetics 80 characterized by nearly constant rate of change and a reaction time independent of the starting amount of the protein. Hiller et al. 81 have discussed the stability and dynamics of rubredoxin with melting temperatures close to 200 C.
Rubredoxins are probably the simplest members of the large ubiquitous family of redox metalloenzymes and consist of a relatively short polypeptide chain (∼53 AA). Their structural features are fairly well known because the primary structures of 15 bacterial rubredoxins, 10 X-ray crystal structures, and an NMR solution structure of Zn substituted Pf RD have been reported to date. 82 A noteworthy feature of all Rd structures is a triple-stranded antiparallel -sheet stretch consisting of 14 or 15 residues of the N-terminal and the last 5 or 6 residues at the C-terminal. Among the conserved residues are the four Cys residues from the active site and the five aromatic residues that constitute the hydrophobic core of the proteins. The aromatic cluster in the hydrophobic core contributes significantly to its thermal robustness.
The RSDMSA program was applied to rubredoxin to select mutants with high thermal stability. Optimization of rubredoxin thermodynamics was achieved by increasing its total heat capacity, and consequently its T m to 200 C (Renugopalakrishnan et al., in preparation). The underlying rationale for the selection of residues A9, A13, A31, A42, A43, and A51 for site directed mutagenesis rests on the hypothesis that the thermostability is conferred by interaction between -sheet segments 1 and 2 83 (Renugopalakrishnan et al., unpublished). Three designed mutants of rubredoxin, Figure 1, (A9F, A13W, A43I ; A9G, A13D, A31E, A42G, A51L; A9Y, A31L, A42F, A51I) exhibit a T m in the vicinity of 200 C. Detailed DSC studies have been performed and will be reported in the literature (Renugopalakrishnan et al., in preparation).
Ferredoxins: Ferredoxins are a group of small, ironsulfur electron transport proteins that show no enzymatic function, unlike the way complex iron-sulfur proteins behave. 84 They are involved in crucial metabolic processes such as photosynthesis, oxidative phosphorylation, and nitrogen fixation. Arg and Glu are replaced in exposed sites of -helices by Lys and Ala, in the direction of 'hot' to 'cold' enzymes [94] Strictly conserved residues near the metal binding sites [95] Consensus motifs or sequences Thermophiles AXXXA found more often in -helices of thermophiles than the GXXXG found in mesophiles [96] X 2 RAIYDVIGPX 2 DIPAPDVYTNPQIMAWX around residues 50 to 79 on glutamate dehydrogenases [97] 135 amino-acid long consensus sequence for azurin and plastocyanine [99] Psychrophiles 331 amino-acid long consensus sequence for A 4 -LDH's of Antartic fishes [98] 10 non-conservative differences in the amino-acid sequence. Of these two Gly are found, 10 residues apart, in an important loop in one side of the catalytic vacuole. A Pro → Ala at the N-terminal of a helix bordering the catalytic vacuole Alkaline protease binds eight Ca 2+ important for stabilization. Two Ca 2+ bound to a region between the N-terminal domain and the C-terminal domain. Five calcium ions (Ca3-Ca7) located near a roll with consensus sequence GGXGXDXUX (U is a large hydrophobic residue). The eighth Ca 2+ is located within the consensus sequence SGDAHAD (residues 448-454). The consensus sequence HEXXH(X) 4 SH (residues 176-186) involves three His in the Zn 2+ coordination [95] The PROSITE signature, PS00198, for the [4Fe-4S] type ferredoxins is:
, and is reported to have a precision and recall of about 96% from Swiss-PROT database. Note that curly braces indicate residues that are disallowed. This pattern also has a precision and recall of 100% and 92% for proteins from the ASTRAL95 database 86 (set of proteins for which structures are known and which have at most 95% similarity to each other). An improved signature, Structural analysis of ferredoxins (see Fig. 2 ) shows that they possess two -helices, two antiparallel -sheets and four turns. Turn 3 and turn 4 are most flexible. Theturns and tails tend to be smaller in more thermostable ferredoxins.
Consensus Sequences from Other Protein Families: Despite the many protein sequences that are deposited every year in the protein data banks, only a few of these report the corresponding X-ray structures. Since the 3D structures of thermally stable proteins isolated from many extremophiles are very similar, in many cases only qualitative data can be obtained in order to explain their thermostability at either cold or high temperatures. The qualitative information include data such as the relative ratios of some amino acids between (hyper)thermophilic proteins and similar mesophilic proteins, and some differences on structural motifs. In other cases researchers have used the nucleic acid sequences from the mapped genes of several organisms that dwell in the same environment. From this information several amino acid consensus sequences have been reported for psychrophiles, hyperthermophiles, thermophiles, and mesophiles. A short list of the consensus sequences reported in the last six years is provided in Table I .
CONCLUSIONS
Protein thermodynamic stability, G, is determined by a multitude of intra-and inter-molecular interactions, which in turn depend on the primary amino acid sequence of the protein. The primary sequence determines all secondary and tertiary structural features. Hence it is the sequence that determines protein thermodynamic stability. At a structural level this will consist of essential stability determined by the packing of the secondary structural elements which will be complemented by the interactions of and between sidechains. Berezovsky and Shakhnovich 88 recently concluded that most strategies for rational design of thermally stable proteins are of two types: (i) non-specific, structure-based strategies, with contributions from different stabilizing interactions, and (ii) specific, sequence-based strategies, using only dominating factors for adaptation to extreme conditions. The rapidly increasing number of fully sequenced genomes will be an invaluable help in deciphering which sequence variations among homologous proteins are related to stability and which ones are simply a result of evolution. Bionanotechnological applications demand a variey of thermally stable proteins in the design of bionanosensors, bionanomemory, and biofuel cells. 
